The electronic structure of complex oxides is important for the understanding of their functional properties. In this paper, the electronic structures of the multiferroic perovskite bismuth ferrite ͑BiFeO 3 ͒ and the related isostructural compounds Bi 0.9 La 0.1 FeO 3 and BiFe 0.7 Mn 0.3 O 3 are investigated through experiments and modeling. Using electron energy loss spectroscopy the oxygen K edge, i.e., the unoccupied O p density of states, is probed. As these states participate in covalent bonding with both Bi and Fe states, insight into the bonding in the materials is obtained. By substituting on both cation sites, it is possible to connect features in the spectrum to chemical bonds to the cations. We compare the experimental results of substituted and unsubstituted BiFeO 3 and apply a multiple-scattering approach as well as density functional theory to interpret the differences in terms of changes in electronic structure and density of states. Specifically, we show that although mainly ionic, both Bi-O and Fe-O bonds have some covalent character, and that Mn substitution on Fe sites is found to alter the Bi-O bonds and reduce the anisotropy of the system. Upon introduction of La on Bi sites, the covalent character of the material is reduced and the ionic interaction increases as the La-O bond is higher in energy and mediated through other cation orbitals ͑La d orbitals͒ than the Bi-O bond ͑Bi p orbitals͒. Also, La substitution is found to influence the Fe electronic structure, showing that the A and B site cations are more coupled than commonly recognized. Thus, we use the electronic structure to confirm that B site cation substitution can influence the ferroelectricity, which is usually almost exclusively attributed to A site cation anisotropy.
I. INTRODUCTION
The past few years have seen a huge interest in bismuth ferrite ͑BiFeO 3 , BFO͒. [1] [2] [3] This is largely due to its unique combination of ferroic properties that extends up to and above room temperature, as it is antiferromagnetic with a Néel temperature of 370°C and ferroelectric with a Curie temperature of about 825°C. When these properties are coupled through the magnetoelectric effect, a range of application possibilities opens up including memory devices, sensors and spintronics. 4 BFO has a distorted perovskite ͑ABO 3 ͒ structure, with a room-temperature ground state belonging to the rhombohedral space group R3c. In the hexagonal setting, the unit-cell parameters are a h = 5.58 Å and c h = 13.87 Å, 5 corresponding to a rhombohedral angle of 59.35°. Compared to an ideal ͑cubic͒ perovskite structure, oxygen octahedra are antiferrodistortively rotated by 13.8°about the pseudocubic ͓111͔ axis, and Fe and Bi atoms are both shifted along the pseudocubic ͓111͔ direction by 0.13 Å and 0.54 Å, respectively, giving four different O-O bond lengths. The large displacement of Bi is consistent with the idea of a stereochemically active lone pair of electrons that is found to push the Bi atoms in the pseudocubic ͓111͔ direction and thus be the cause of ferroelectricity in BFO. 6 As in other perovskites, the bonding in BFO is mostly ionic with Bi and Fe in a ͑nomi-nally͒ 3+ state and O in 2−. These valences are altered by the introduction of a covalent contribution to the bonding, and it is this covalency, however small, that is responsible for the ferroic properties that make BFO interesting.
Recently, scientific effort has been directed at enhancing the ferroic properties of BFO by substitution on Bi ͑A͒ and Fe ͑B͒ sites, [7] [8] [9] however most studies have been focused on thin films rather than bulk ceramics. In bulk Bi 1−x La x FeO 3 , La substitution has been reported to enhance ferroelectric properties, [10] [11] [12] [13] although most of this enhancement is believed to arise from a reduction in secondary phases, oxygen vacancies and valence fluctuations of Fe ͑Ref. 11͒ that increase leakage currents and thereby make polarization measurements challenging. Thus, the influence of La substitution on bulk, stoichiometric BFO remains largely unknown. The same thing can be said about the pure bulk ͑single-crystalline and defect-free͒ electronic properties when Mn is substituting Fe in BiFe 1−x Mn x O 3 . 14, 15 While there seems to be a consensus that Mn-and Lasubstituted BiFeO 3 remains R3c for x Mn Յ 0.3 ͑Refs. 16-18͒ and x La Յ 0.1 for x La Ͼ 0.1 the structure is under debate. 11, [19] [20] [21] [22] We have therefore chosen to focus our attention on the isostructural, however less distorted, and still ferroelectric and antiferromagnetic compounds with La and Mn contents of x La = 0.1 and x Mn = 0.3, respectively, while other amounts of substitution provide interesting subjects for further studies on both structural and electronic properties.
Recently, some work has been published on the electronic structure of BFO and its substituted relatives, mostly on theoretical grounds using density functional theory ͑DFT͒ ͑Refs. 1, 6, and 20͒ in addition to a few experimental x-ray absorption spectroscopy ͑XAS͒ studies. [23] [24] [25] Most transmission electron microscopy ͑TEM͒ studies related to BFO have focused on structural characterization, mostly on nanopowders [26] [27] [28] or thin films, [29] [30] [31] [32] [33] rather than electronic properties.
Here, we describe the energy loss near-edge structure ͑ELNES͒ of BFO, Bi 0. O 3 , and fired once for 10 min at 900°C before quenching in air. The temperaturetime program was chosen to minimize the amounts of residual secondary phases. 16 The BFMO sample was further annealed at 850°C for 30 min in flowing 5.0 N 2 and cooled to ambient temperature at 400°C h −1 to avoid excess oxygen, as described previously. 17, 36 B. Transmission electron microscopy and x-ray diffraction TEM specimens were prepared by crushing particles in ethanol which were left to dry on a TEM copper grid with amorphous holey carbon film. X-ray diffraction ͑XRD͒ as well as electron diffraction and energy dispersive x-ray spectroscopy were used to check structure and composition of the produced batch and individual particles used for energy loss analysis.
XRD patterns were collected from 20°to 96°2 with a total acquisition time of 4.5 h per sample with a -2 Bruker AXS Focus diffractometer with Cu K␣ radiation and a LynxEye position sensitive detector. Rietveld refinements were carried out with the software TOPAS R ͑Bruker AXS͒, using the space group R3c ͑161͒ in the hexagonal setting. Differential thermal analysis ͑DTA͒ was done with a Netzsch STA 449 C Jupiter in synthetic air with 10°C min −1 heating rate.
C. Energy loss near-edge structure ELNES
Electron energy loss spectroscopy ͑EELS͒ and ELNES are techniques much used in the study of electronic structure of materials. 37, 38 By mapping out the energy loss of the electrons that have passed through a thin ͑Ͻ100 nm͒ TEM specimen, information on the unoccupied density of states can be obtained through core loss interactions. As beam electrons excite specimen electrons, they lose an amount of energy depending on ͑i͒ the energy levels of the excited atoms and ͑ii͒, what is employed in ELNES, the DOS above the Fermi energy. The allowed excitation processes are ͑usually͒ governed by the dipole selection rule, predicting that only transitions between states with a difference in angular momentum ⌬l of Ϯ1 are allowed. Furthermore, as initial and final states are restricted to the same atom, ELNES measures the site-and symmetry-specific DOSs. 37 However, as with the related technique x-ray absorption near-edge spectroscopy ͑XANES͒, the DOS is influenced by the presence of a core hole and one is thus strictly speaking not measuring the ground states. The influence of the core hole can vary from material to material ͑see, e.g., the work of van Benthem et al. 39 on SrTiO 3 and their discussion͒, however the differences are usually assumed small and comparison to groundstate calculations like DFT is still useful.
Control of the experimental parameters is vital to any quantitative or qualitative EELS work. The ELNES spectra in this study were all taken at a JEOL 2010F with a Gatan imaging filter attached, operated at 200 kV in convergent beam diffraction mode with beam convergence and collection angles of 4-5 mrad. Convergent beam mode was chosen to ensure consistency in the results, as a parallel beam was found to give too much variation between the acquired spectra and thus inconsistent results, probably due to sample thickness changes within the examined sample area. For the same reason diffraction mode was used, as it is well known that imaging mode is more prone to erroneous interpretation. 38 The energy resolution of all spectra is comparable and about 1 eV, measured as the full width at half maximum of the zero-loss peak. All spectra were recorded on a dark current subtracted and gain corrected CCD. The background in all spectra has been subtracted by fitting an exponentially decaying function to an energy window of 10 eV just before the edge onset. To avoid multiple inelastic scattering, spectra were acquired from areas of a thickness of 0.2-0.5 mean-free paths. Still, spectra were deconvoluted to ensure a single-scattering distribution, using the Fourier-ratio method in DIGITALMICROGRAPH and a low-loss spectrum from the same area of the specimen taken shortly before or after the core-loss spectrum. A sum of several spectra from each material was used for better counting statistics, and care was taken to avoid strong channeling conditions. 40 No attempts have been made to measure the absolute edge onset of the materials, thus the onsets have been shifted to match those of the calculated spectra.
D. Calculations
We examine the near-edge structure by comparing the experimental edges to both DFT and RSMS calculations. Though formally equivalent, DFT calculations are performed in reciprocal space and can thus deal with large periodic structures while RSMS calculations 41, 42 are performed on a smaller real-space cluster of atoms that can easier accommodate nonperiodic features such as core holes, vacancies, doping, or defects. These two calculation approaches are related to one of the two different schemes of interpreting ELNES and XANES; the density of states and the multiple-scattering interpretation: near the edge onset, the scattered electrons do not have enough energy to escape the excited atom and will be trapped in the more localized unoccupied states, with a probability depending on the density of these states. The energy loss intensity will thus be a measure of the local unoccupied DOS of the correct symmetry, however modified by an energy dependent but slowly varying matrix element. Further above the edge onset, the electrons lose enough energy to probe the more featureless, free-electronlike states, but are also more prone to interference effects as they are elastically scattered by the surrounding atoms. This gives rise to perturbations of the local potential, visible as intensity variations in the high-energy loss area. 37 These two perspectives come together as the near-edge features can be interpreted as single-scattering events due to potential perturbations from the nearest-neighbor atoms, thus the preferred approach depends on the desired information.
First-principles DFT calculations were performed using the Vienna ab initio simulation package ͑VASP͒ ͑Ref. 43͒ within the projector augmented wave method 44 as implemented by Kresse and Joubert. 45 The forces on the atoms were calculated using the Hellmann-Feynman theorem and they are used to perform a conjugate gradient relaxation. Structural optimizations were continued until the forces on the atoms had converged to less than 1 meV/ Å and the pressure on the cell was minimized using stress minimization. The calculations were performed within periodic boundary conditions allowing the expansion of the crystal wave functions in terms of a plane-wave basis set.
The generalized gradient approximation ͑GGA͒ ͑Ref. 46͒ includes the effects of local gradients in the charge density for each point which generally gives better equilibrium structural parameters than the local-density approximation. A former study 6 confirms that the GGA is able to reproduce experimentally observed properties of BFO correctly. Thus, we have used GGA for all our studies. In the basis we treated explicitly 15 valence electrons for Bi ͑5d 10 6s 2 6p 3 ͒, 11 for La ͑5s 2 5p 6 5d 1 6s 2 ͒, 14 for Fe ͑3p 6 3d 6 4s 2 ͒, 13 for Mn ͑3p 6 3d 5 4s 2 ͒, and 6 for oxygen ͑2s 2 2p 4 ͒. Brillouin-zone integrations are performed with a Gaussian broadening of 0.1 eV during all structural optimizations. These calculations are performed with a 4 ϫ 4 ϫ 4 Monkhorst-Pack k-point mesh centered at the ⌫ point in the Brillouin zone. One specific problem of these materials is the presence of "computationally unfriendly" atom configurations such as the first-row element oxygen and the transition metal iron. Both are atoms which require extra care; either large basis sets within a pseudopotential scheme or an all-electron scheme. We chose to use a very large basis set with 700 eV for the plane-wave cutoff. The supercell approach was adopted to simulate the substitution of La/Mn in BFO and in all the calculations we have used collinear antiferromagnetic configurations. In order to simulate the experimental composition of BiFe 0. 7 The RSMS algorithm FEFF ͑Ref. 42͒ has been used to calculate local symmetry-projected DOS and ELNES spectra with and without a core hole. 39 FEFF applies a selfconsistent muffin-tin potential with Hedin-Lundquist selfenergies to calculate scattering potentials, and automatically includes relativistic effects. Here, calculations were found to converge for clusters of 177 atoms. All spectra are simulated without a core hole, as this was found to give better experimental match than simulations with a core hole. In addition, an exchange potential of 2 eV has been applied to obtain the correct Fermi level, as it is shown 6 that magnetic exchange interactions are vital to a correct estimation of the Fermi level and thus insulating behavior of BFO. To enhance the differences between substituted and pure BFO, spectra have been simulated in which all Bi ͑Fe͒ atoms have been substituted with La ͑Mn͒ atoms. With FEFF, we are also able to calculate the local symmetry-projected DOS for BFO and the fully substituted structures.
III. RESULTS AND DISCUSSION
XRD patterns of the samples investigated in this paper are displayed in Fig. 1 , showing that there are no peaks from residual secondary phases ͑Bi 2 Fe 4 O 9 and Bi 25 FeO 39 ͒. The inset of Fig. 1 shows the ferroelectric Curie temperature T C , determined from the onset of the endothermal peaks upon heating. The T C of BFMO and BLFO is 150-160°C lower than that of pure BFO, 825°C. Table I gives the refined experimental and theoretical hexagonal lattice parameters ͑a hex , c hex ͒, as well as experimental primitive unit-cell volume ͑V prim ͒, rhombohedral angle ͑␣ rh ͒, polar displacements of Bi/La ͑s͒ and Fe/Mn ͑t͒ relative to their centrosymmetric reference positions in a hypothetical R3c structure, and the ferroelectric Curie temperature ͑T C ͒ of BFO, BFMO, and BLFO.
The ELNES spectra of the O K edge of BFO ͑top͒, BFMO ͑middle͒, and BLFO ͑bottom͒ are shown in Fig. 2 shifted horizontally to the same edge onset as no attempt has been made in this study to measure absolute edge onsets or chemical shifts. The experimental edges consist of two major peaks ͑labeled A and B in Fig. 2͒ and are in agreement with a previously published XANES study of BFO.
23

A. BFO
In Fig. 3 , we show the experimental as well as calculated O K edge of BFO and compare those with DOS calculations. It is interesting to note the similarity to the near-edge structure of ␣-Fe 2 O 3 , 47, 48 which also contain FeO 6 octahedra with Fe in 3+ state. de Groot 49 interpreted the O K edge for transition metal oxides and attributed the first peak up to about 5 eV above E F to transitions to energy states of mixed O p and TM d character, with a peak splitting characteristic of the crystal-field splitting in the material with low-energy t 2g -bonding orbitals pointing between the O atoms and higher energy e g -bonding orbitals to the O atoms. The second peak was attributed to states of mixed O p and TM s and p characters. It is now tempting because of the mainly ionic bonding in perovskites 50 and the similar edge shape, to assume that the Bi atoms form ionic bonds to O and thus have only minor influence on the O K edge shape, allowing us to directly apply the same bonding scheme as in the case of transition metal oxides. We will, however, on the basis of comparisons to density-of-states and RSMS calculations of the fine structure, argue that the picture is less straightforward.
The RSMS O K edge is shown in Fig. 3͑b͒ . The overall shape of the edge in BFO and especially the peak positions are well reproduced, however the intensity at the edge onset ͑peak A1͒ is underestimated or some of the intensity is shifted in energy to coincide with peak A2. Although ELNES is not quantitatively comparable to DOS without knowledge of the energy-dependent matrix element or weighting factor, conclusions on bonding and electronic structure can still be drawn in a qualitative manner. The calculated partial DOS from the RSMS approach is shown in Figs. 3͑c͒-3͑e͒ . As a check of the reliability of this method, the same local DOS was also calculated by DFT, of which the most important states are shown in Fig. 4 . The DOS from the two methods are generally found to be in good agreement, though the finite cluster size of the RSMS calculations introduces a smearing of the states. Also, the calculations differ in the energy area just above the Fermi level, where the RSMS approach fails to account correctly for the Fe d-band splitting. Despite these differences, there is a very good overall correspondence between the RSMS and DFT calculations. This overall good correspondence of the RSMS calculations is quite surprising in the case of BFO and similar compounds even with the use of a self-consistent potential, as the muffin-tin or spherically symmetric potential is not a good approximation for d electron orbitals or atoms with a lone pair of electrons, such as Bi. It has been suggested that although the directionality ͑and hence crystal-field splitting͒ of the d orbitals are not considered in the potential calculations, it still shows up in the scattering path calculations due to the geometrical anisotropy. 51 The two main peaks A and B in Fig. 2 are easily recognized in the O p DOS, even if the intensity of peak A1 is not comparable to the intensity of the corresponding density of states. The origin of peak A1 is clear when comparing the O p and the Fe d states in Figs. 3͑c͒ and 3͑d͒ , which form a covalent bond up to 3 eV above the edge onset. The crystalfield splitting of the 3d band into states of ͑in the idealized cubic perovskite structure situation͒ t 2g and e g symmetries is visible in the Fe d states calculated by the RSMS method, however the relative intensity of the peaks and strength of the O p-Fe d bonding are different from the predictions of the DFT approach shown in Fig. 4 . Thus, we interpret the A1 and A2 peaks not as mainly due to the crystal-field splitting in BFO, as would be natural from the study of transition metal oxides. 49 The crystal-field splitting seems to be contained mainly within peak A1 and is not resolved experimentally in this work. This is in line with the XANES data on BFO of Park et al., 23 where the splitting of the Fe L 2 and L 3 peaks are not resolved even with an energy resolution of 0.2 eV, and those of Higuchi, 24 who barely pick out a shoulder on the O K edge at an energy resolution of 0.2 eV. The results from RSMS calculations show that peak A2 can be explained by backscattering on O 2− ions while also having a contribution from covalent bonding to Bi states. It has been suggested earlier that the origin of this peak is Bi 5d states 23 and Bi sp states. 24 However, upon comparison to the Bi DOS in Fig. 3͑e͒ , we find that there are mainly Bi states of p character involved, although some Fe d states are also situated in this energy range. This shows that O p states do participate in bonding with Bi p states in BFO so that the bonding between O and Bi has a certain degree of covalent character. This has been predicted earlier by DFT calculations, 6 and this interpretation is in line with other perovskites such as BiMnO 3 ͑Ref. 51͒, BaTiO 3 ͑Ref. 52͒, and PbTiO 3 ͑Refs. 53 and 54͒, which also contain an A cation lone pair of electrons that is responsible for the ferroelectricity. 34 We note that our results differ from the calculations of Jan et al. 55 54 while it has been suggested theoretically that the corresponding Fe-O bonding in BFO is less important. 6 Peak B originates from scattering to an energy band 8-15 eV above the Fermi energy. The covalent oxygen-transition metal bond in this energy range is well known for both transition metal oxides 48, 56 and perovskites, 49, 57 and cluster calculations 57 have attributed this peak to predominantly backscattering from the O 2− ions. While confirming this interpretation by our RSMS calculation, we see from and some contribution from covalent bonding to Bi states.
B. BFMO
The present total-energy calculations suggest that Mn is in 3+ oxidation state while the ground state of BiFe 2/3 Mn 1/3 O 3 is antiferromagnetic, in concordance with experimental results. 18, 58 For computational simplicity we have considered only the simple collinear antiferromagnetic ordering found in BFO. As a result, the calculated total density of states for BiFe 2/3 Mn 1/3 O 3 ͓Fig. 4͑b͔͒ shows metallic behavior with a DOS at the Fermi level of 4 states eV −1 f.u. −1 . Underestimation of the band gap by DFT calculations is commonly observed. Conductivity measurements and spectroscopic studies show that BFO remains a semiconductor also when Fe is substituted with Mn. 17, 59 Figure 5͑a͒ shows the experimental near-edge structure of BFMO. A comparison to the near-edge structure of BFO ͓in-set of Fig. 5͑a͔͒ shows that upon substitution of Fe with Mn, the A2 peak is higher relative to the A1 peak. The higher A2 peak is in qualitative agreement with the RSMS calculations shown in Fig. 5͑b͒ , where we have simulated the situation for the fully substituted structure BiMnO 3 ͑BMO͒. We have chosen to simulate the fully substituted structure to emphasize the differences due to substitution while using the experimentally found structural parameters of BFMO. Also included in Fig. 5 are selected local densities of states for the fully substituted BMO. The higher intensity is easily interpreted as more empty states due to the one d electron less in Mn 3+ compared to Fe 3+ , and follows the general trend across the transition metals noted by de Groot 56 for transition-metal oxides. It is however at first sight surprising that the higher intensity is found in the A2 peak rather than the A1 peak, based on the assignment of A1 to Fe-O bonds and A2 to Bi-O bonds in BFO. Though the absolute intensities are difficult to measure experimentally, this interpretation is in agreement with the RSMS calculations of the two compounds, also showing that the increased intensity appears at A2 ͓Figs. 3͑b͒ and 5͑b͔͒. The DOS calculations of BMO shown in Figs. 4͑b͒ and 5͑c͒-5͑e͒ confirm that the same atomic orbitals are involved in bonding in BFMO as in BFO and that peak A2 is indeed a result of a covalent Bi-O bond also in BFMO. This Bi-O bond is shifted to lower energies than in BFO and shows that B site substitution affect the electronic structure also of the A site cation of BFO. We note that the XAS experiments of Higuchi 24 show that peak A2 ͑their peak c͒ is decreased by Mn substitution. They explain this by the oxygen vacancies in their sample and thereby a certain amount of Fe 2+ , which could contribute to a higher A1 peak. 24 According to recent studies, 14, 36, 60 the ferroelectric phase transition ͑Curie͒ temperature decreases with increasing Mn substitution. As was shown in Fig. 1 , this was confirmed in our samples. Also, the atomic positions were found both experimentally and theoretically to approach the cubic perovskite structure and to adopt more homogeneous Bi-O bond lengths ͑Table I͒ and, of particular interest here, the displacement of the Bi ions decreases more with increasing Mn content than the displacement of Mn/Fe itself. Thus, it is clear that B site substitution also affects the A site cation. A similar connection is found theoretically in other Bi perovskites with varying B site cations, 61 where the O p-B site d bonding was found to affect the position of the O p-Bi p band. This implies that, although in the traditional picture the ferroelectricity is due to displacement of Bi ions, the importance of Fe on the ferroelectricity of the material should not be underestimated. We propose that this connection between Bi and Fe could exist through the small but important covalent part of the bonding of both Fe and Bi to O p states. This contributes to highlight the very complex interplay between charge transfer, degree of covalency, and ferroelectric properties in these materials.
C. BLFO
Upon substitution of La by Bi, an insulating behavior is maintained in the DFT calculations, giving a calculated band-gap value for Bi 5/6 La 1/6 FeO 3 of 0.66 eV. It may be noted that the band-gap value obtained from the present type of calculation will always be smaller than the corresponding experimental value due to the well-known underestimation of band gap by DFT methods.
The experimental near-edge structure of BLFO and the RSMS calculated ELNES for the fully substituted LaFeO 3 ͑LFO͒ is shown in Fig. 6 , together with selected local DOS of LFO. Though a crude approximation, we also include the weighted sum of the BFO and LFO spectra in order to see the effect of x La = 0.1, corresponding to the experimental data. In this approximation, and when comparing to local DOS of LFO, the assumption is implicitly made that the influence of La on the BLFO scales linearly with the amount of La, an assumption that at this stage cannot be verified. However, the correspondence to the experimental results indicate that at least to a first approximation, this may be a good way to explore the influence of La. Comparing the experimental near-edge structures of LFO and BFO ͑Fig. 2͒, it is clear that the changes upon adding La to the system are larger than substitution with Mn, even with a smaller degree of La substitution. The effect of La substitution on the nearedge structure seems to be a decrease in the overall intensity of the O K edge. This effect can be explained by considering the electronegativities of Bi and La: while the electronegativity of Bi is about 2 on the Pauling scale, La has a value of 1.1, only half the value of Bi. Thus, an increased number of electrons are expected on the Fe and O sites and hence less available DOS above E F . A reduction in fine-structure features can therefore directly be related to a decrease in covalent bond strength, which is then directly linked to the differences in electronegativity of the involved atoms.
Looking at the relative intensities of the peaks, we see that the intensity ratio of peak A1 to peak B decrease while the intensity in the area between peaks A and B is clearly increased. Both of these features are qualitatively reproduced in the RSMS calculations. As in BFO, the A1 is due to bonding with Fe d states. The reduced intensity of this peak is in agreement with the ELNES study of Abbate et al., 62 showing the O K edge of the other end member LFO with a higher A2 peak than A1. The decreased intensity in this part of the spectrum is also found in the Fe d DOS, showing a reduction in Fe d DOS for LFO compared to BFO. Again, we attribute this to the decreased electronegativity of La compared to Bi, giving less available DOS also on the Fe site.
According to the RSMS calculations, the intensity is reduced also for the A2 peak. In pure BFO and Mn-substituted BFMO, the A2 peak is partially explained by involving Bi p states. In La-substituted BLFO, the situation is slightly more complicated, though there is still a covalent contribution to the La-O bond. By comparison to the local DOS of fully substituted LFO from RSMS calculations ͓Figs. 6͑c͒-6͑e͔͒ and the partially substituted structure from DFT calculations ͓Fig. 4͑c͔͒, it is clear that the La-O bonding is not mediated through La p states but rather involves La states of d character that are located in sharp bands higher in energy than the Bi p states. These La d states are responsible for the increased intensity in the area between peaks A and B. The Bi d states are higher in energy than the La d states and thus do not form covalent bonds to O p states while the Bi p states, responsible for the A2 peak, are too low in energy to contribute to the intensity in this energy range. In the fully substituted LFO structure, this extra intensity will grow to a separate peak in the O K edge, however at the 10% experimental substitution level, the only recognizable feature is an increase in intensity between the A and B peaks. Hence, although more ionic, the bonding between La and O certainly has noticeable covalent character.
For the B peak, the O p states are shifted to higher energies in the fully substituted LFO structure; however this energy shift is not large enough to see experimentally in the 10% filled structure. Although the BLFO B peak shape has a quite similar appearance to pure BFO in both the experimental edge and the RSMS calculations, the Fe s states, responsible for part of the B peak in BFO, are in LFO located in a sharp band lower in energy than the relevant O p states and are seemingly not as involved in bonding as in BFO.
Though both La and Mn substitutions have been reported to improve the ferroelectric properties of BFO, 11, 19, 63 attempts to measure bulk single-crystalline, stoichiometric spontaneous polarization values are often hampered by leakage currents due to defects or impurities. 12, 62, 64 However, both the introduction of La on A site and Mn on B site have been found to lower the Curie temperature T C ͑Fig. 1͒. As a high T C is often connected to high spontaneous polarization, 65 it is likely that the spontaneous polarization decreases in both cases. In BLFO, this is straightforwardly understood as La 3+ does not have an ns 2 lone pair that according to DFT calculations 6 is responsible for 98% of the ferroelectricity in BFO. In the case of Mn substitution, the traditional picture of purely ionic A site-O bonding and no bond between the A and B sites is not sufficient to explain the lowering of T C . The coupling could be mediated through small but still significant covalent bonds of O to both Fe/Mn and Bi. Also, though the overlap is small, Fe d states are also found in the area 2-4 eV above the edge onset of BFO, where also Bi p states are located ͑Fig. 4͒. In the same energy region, Ravindran 6 finds ͑by the crystal orbital Hamiltonian population method͒ a small but finite bonding between Fe and Bi. It is interesting that upon substitution with both Mn and La, this overlap increases so that the separation of O p states into bonding to Fe and La is less straightforward and should be looked into by methods also showing the spatial arrangement of bonds, e.g., by electron or x-ray diffraction techniques. 66 Finally, we would like to comment on the magnetic properties of BFO. It has been shown experimentally that the polarization and magnetization is indeed coupled in BFO, in fact the coupling in bulk BFO where the magnetic ordering exhibits a ͑locally͒ antiferromagnetic structure with a longrange ͑ϳ62 nm͒ cycloidal modulation was even found to be stronger than expected. 63 The microscopic origin of this coupling is not yet understood, 67 as the Bi 3+ ions are responsible for ͑most of͒ the polarization while the Fe 3+ ions are responsible for the magnetic properties. In other materials with a frustrated spin structure, the existence of polarization can be explained by the inverse Dzyaloshinskii-Moriya effect 68, 69 by a shift of oxygen octahedra. In BFO, this is a weak contribution to the ferroelectricity which is mainly induced by a geometrical shift of Bi 3+ ions. 6 Unlike BFO, the O p-B d and O p-Bi p band was not found to overlap for the nonmagnetic BiBO 3 compounds with B = Al, In, Ga, or Sc. 60 Hence, the coupling of Bi and Fe through covalent bonding to oxygen could play an important part also for the magnetoelectric coupling and further insight into the electronic structure could certainly aid the fundamental understanding of this phenomenon.
IV. CONCLUSIONS
Experimental and RSMS calculated near-edge structure of the O K edge of BiFeO 3 , Bi 0.9 La 0.1 FeO 3 , and BiFe 0.7 Mn 0.3 O 3 have been studied in detail and compared to RSMS calculations. The spectral features are explained by comparison to local DOS from RSMS and DFT calculations, and differences between the substituted and unsubstituted compounds have been interpreted in terms of bonding, charge transfer, and electronegativities. Specifically, it is confirmed that the bonding in BiFeO 3 has partial covalent character and that O atoms are covalently bound via O p states to both A and B site cations, providing a potentially important link between the A and B sites. Mn substitution on Fe sites is found to alter the electronic structure very little with the most important change actually happening on the Bi site through charge transfer and bonding effects, in agreement with the average structure from XRD. 36 Substitution of Bi with La leads to a larger alteration of the electronic structure, with the most notable differences being more ionic bond character and a covalent La-O bond being mediated through La d states rather than p states as the Bi-O bond. Thus, we show that there is a stronger connection between the A and B sites of BiFeO 3 than previously recognized, which at least in part could be explained by Fe-O and Bi-O covalent bonding. *randi.holmestad@ntnu.no
